The time course of hydrogen uptake and washout was followed simultaneously in extracranial ar terial blood, cortex, subcortical white matter, and cau date nucleus of the cat brain to study intercompartmental hydrogen concentration differences. A clear delay of 1-2 min was seen between the onsets of concentration in crease in arterial blood and low-flow brain tissues. Equili bration time was dependent on local CBF and varied be tween 3 and 34 min. Hydrogen was not cleared simulta neously from the regions under detection. This led to considerable concentration differences within the cere-
Our observations, however, suggest that local H2 detection is possible with high spatial resolution (�0. 1 mm) (von Kummer and Herold, 1986) . It therefore should be asked whether clearance of local H2 might be influenced by factors other than LCBF, e. g., intercompartmental diffusion. Diffu sion of H2 from or into vasocompartments neigh boring that under detection could be caused by the heterogeneity of CBF, resulting in concentration gradients even in nonischemic tissue.
We have used the spatial resolution of local tracer detection in the H2 clearance method to study intercompartmental H2 concentration differ ences. This involved following the time course of H2 uptake and washout simultaneously in extra cranial arterial blood, cortex, subcortical white matter, and caudate nucleus of the cat brain. The implications of our observations with respect to other methods for measuring CBF, including ex ternal detection, will be discussed.
METHODS
The experiments were carried out in seven cats of ei ther sex ranging in weight from 2.3 to 3.3 kg. General experimental conditions and electrode preparation were as described in von Kummer and Herold (1986) . In this series of experiments, the measuring circuit consisted of seven epoxy-and glass-insulated platinum-wire elec trodes with a bared conical tip of 0.2-mm diameter and 0.2-mm length, a subcutaneous Ag-AgCI reference, seven separate amplifiers (Nanoamperemeter; Knick), and an eight-channel pen recorder (Rikadenki). Six of the electrodes were introduced stereotactically after fixation of the animal's head in a stereotactic apparatus (David Kopf Instruments). Stereotactic placements were calcu lated from the atlases of Reinozo-Suarez (196 1). The electrodes were inserted into cortex, subcortical white matter, and caudate nucleus of each hemisphere and fixed to the skull by dental cement. Great care was taken to avoid any bleeding into the subarachnoidal space.
Postoperatively the animals were housed in cages and closely observed. As a matter of routine, they were given ampicillin (40 mg/kg) daily for 3 days to prevent infection.
The experiments were carried out 1 week after electrode implantation. The seventh electrode was then passed through the lingual artery into the external carotid artery.
H2 was administered via the input of the ventilation pump so that the H2 concentration of the inhaled gases was 5-10% and the O2 concentration was not altered. Polar izing voltage was + 350 m V. In each cat, two series of five measurements were performed under normocapnic (Paco2 = 41 ± 3.9 mm Hg) and hypocapnic (Paco2 = 20 ± 4.2 mm Hg) conditions. The washout of H2 was fol lowed after concentration equilibrium had been achieved at all sites sensed. Subsequently, Hz uptake and desatu ration were followed after 0.5, I, and 2 min of adminis tration. Finally, Hz was again allowed to come to a satu ration equilibrium. This series of five measurements was repeated after PaCOZ had been lowered by increasing the volume of ventilation.
Data analysis
The time between the onset of concentration increase and saturation equilibrium (equilibration time) was read off from the original H2 concentration curves. It was cor related with the LCBF value calculated from the 2-to 3-min interval of the individual desaturation curve ac cording to the initial slope method of Risberg et al. (1975) . To demonstrate the different degrees of satura tion, the curves of each measurement were replotted by hand; aligned to a common starting time, the height of each point was expressed as a percentage of corre sponding saturation equilibria. For analysis of the expo nential functions, each curve was replotted on semiloga rithmic paper.
RESULTS
Hydrogen washout following uptake to saturation equilibrium Figure 1 shows a family of saturation-desatura tion H2 curves for different locations within the brain tissue. It can be seen that in general H2 up take was slow in low-flow regions, so that concen tration equilibrium was achieved considerably later than in gray matter or arterial blood. Equilibration time was dependent on LCBF and varied between 3 and 34 min. within the brain tissue and in the external carotid artery of the cat (copy of the original registration). Note that curves are not aligned to a common starting time.
Figures 1 and 2 demonstrate that the differences in equilibration time are not due only to the dif ferent velocity of H2 uptake. Relative to the time H2 is registered in the extracranial arterial blood, a delay of between 1 and 2 min is seen before it is recorded in the low-flow cerebral tissue.
The same delay is seen at the beginning of H2 washout. This leads during the desaturation phase to enhanced concentration differences between the regions studied. Figure 2 shows that 5 min after the onset of H2 de saturation in arterial blood, H2 satu ration is 65% in white matter and 10% in cortex.
Hydrogen clearance following a brief washin period Figure 3 shows the uptakes and washouts of H2 from gray and white matter and the external carotid artery following 0-, 0.5-, 1-, and 2-min administra tion of the inert gas. The variations seen are clearly dependent on the flow differences between the tissues. Analysis of the time-corrected curves dem onstrated that H2 concentration is still increasing in white matter at a time when desaturation occurs in the cortex and caudate nucleus and when arterial H2 concentration is below 10% of its peak value (Fig. 4 ). Desaturation in low-flow regions does not start until the H2 concentration of higher-perfused areas has become lower than that of the low-per fused regions.
Exponential functions of H2 washout curves
A logarithmic plot of the Hz washout curves re veals three distinctive shapes (Fig. 5) . In low-flow regions, the washout curves are convex, which shows a steady increase during desaturation. In cortex and caudate nucleus, the curves are con cave, indicating a progressive decrease of desatura tion rate. Monoexponential washout curves were observed mainly in regions with an intermediate LCBF.
DISCUSSION
In 1949 Height of each point is expressed as a percentage of the in dividual saturation equilibria. Hydrogen concentration is still increasing in white matter at a time when desaturation occurs in the gray matter and when the arterial concentra tion is below 10% of its peak value. tive sodium from its site of injection in the human gastrocnemius muscle. He found that the local so dium concentration decreased monoexponentially. This became accepted as a valid measure of local perfusion.
The measurement of CBF using the systemic ad ministration of an inert diffusible tracer is clearly more complicated. The indicator has to be carried by the blood flow itself. The applied amount of in dicator will then be distributed to the individual va socompartments within the brain according to the different flow rates. This was demonstrated by Kety (1951) , who showed that if the arterial input could be considered as a step function, then satura tion would depend on both the time of saturation and the flow rate. Thus, heterogeneity of flow will establish considerable concentration differences within the brain during the uptake as well as during the washout phase. It therefore seems questionable whether washins and washouts of an inert diffusible gas in the different vasocompartments can be con sidered as independent from each other.
Washin phase
The remarkable influence of LCBF on local up- take rates was confirmed by our simultaneous re cording of H2 concentrations in different brain re gions. Beside this, however, a 1-to 2-min delay be tween the appearance of H2 in arterial blood and the beginning of saturation in white matter was ob served. This seems physically impossible, because owing to a mean arterial transit time of -6 S, H2 must have begun to arrive in the white matter within a few seconds of its detection in the extra cranial carotid artery. There are two possible explanations for this delay. The first of these would be an artifact due to the H2-detecting system used. This, however, cannot explain why the delay was observed only in low-flow regions, because identical amplifiers and electrodes and the same constant polarizing voltage of + 350 m V were used to record H2 in gray matter and arterial blood. The zero level of each electrode was corrected for before and after each measure ment if necessary, but only slight deviations from the zero baseline were registered (see Fig. 3 ). As the method was described by Aukland et al. (1964) and by Hyman (1961) , we assume that the correla tion between H2 concentration and the current reg istered was linear. As we could demonstrate pre viously (von Kummer, 1984a) , cerebral vasoreac tivity is not inhibited by the microelectrodes used. We therefore presume in analyzing our results that the kinetics of inhaled H2 were measured directly in viable brain and arterial blood.
Consequently the observed delay must be due to the fact that H2 is not carried directly into white matter by the arterial blood. The arteries that supply the subcortical white matter have first to pass the subarachnoid space and the cortex. A con siderable amount of the gas will then diffuse into the liquor space, into narrowly situated veins (Stos seck, 1970), and into the cortical tissue before it can begin to arrive in white matter. Thus, the increase of H2 concentration in white matter is controlled by the degree of saturation in gray matter as a conse quence of the anatomical conditions and the dif fusibility of the gas.
This explanation for the observed delay is strongly supported by the measurement of the H2 concentration in pial arteries by Stosseck (1970) , who demonstrated gross differences between two measuring points only 4 mm apart. Owing to the distribution of the given amount of H2 within the arterial system, peak concentration occurs earlier in the external carotid artery than in different vaso compartments of the brain. Therefore, the time course of H2 concentration in the carotid artery or aorta or exhaled air cannot be representative for the arterial concentration in brain tissues with dif-ferent LCBFs, and is certainly not a reliable reflec tion of the tracer input into the individual vasocom partments. In order that the appropriate corrections to the clearance equations can be applied, the input function should be monitored as close as possible to the entrance of the arteries into the individual vasocompartments (Lubbers et aI., 1969) . Such measurements, however, are hardly possible. In agreement with others (Aukland, 1965; Neely et aI., 1965; Pasztor et aI., 1973; Martins et aI., 1974; Fein et aI., 1975; Halsey et aI., 1977) , we measured that arterial H2 concentration falls close to zero within 1-2 min. From this, many authors (Pasztor et aI., 1973; Martins et aI., 1974; Griffiths et aI., 1975; Senter et aI., 1978) concluded that CBF can be cal culated from the clearance curves on the assump tion that arterial H2 concentration will be approxi mately zero when the initial clearance phase is dis carded. This must be erroneous because the time course of arterial H2 concentration in the tissue under detection is flow dependent and therefore un known.
Washout phase
As a consequence of the nonsimultaneous uptake of H2 at different rates in the brain tissues, washout begins at different degrees of saturation when H2 is not administered over a considerable period of time, which was> 30 min in the normal brain of the cat in our experiments. How long, however, H2 has to be administered to achieve equal saturation under pathologic conditions like focal ischemia re mains uncertain.
The differences in saturation are more marked the shorter the administration period or the smaller the applied amount of H2 (Fig. 3 ). Under these cir cumstances, washout does not begin simulta neously in the brain. Saturation of low-flow regions is still continued during washout of gray matter until equal saturation is achieved (Fig. 4) . This de layed onset of washout in white matter must be due to the arterial-white matter concentration gradient, which is controlled by the H2 concentration in gray matter. This observation again suggests that gray matter is cleared not only through venous channels but also by the arteries that have still to supply white matter.
The delay of the onset of washout in low-flow re gions even after prolonged H2 administration leads to considerable concentration differences between gray and white matter during the washout phase. We question whether these concentration differ ences may act as diffusion gradients, as first sug gested by Gillespie (I967) and later by Halsey et al. (1977) . The amount of intercompartmental diffusion ( Fig. 6 ) depends on the diffusion coefficient of the substance diffusing, on the concentration gradient, and on the extent of the diffusion area. High dif fusibility of the tracer is one of the basic require ments of the Kety theory. H2 has the highest diffu sion coefficient of the inert gases-approximately three times higher than that of xenon (Gillespie, 1967) . The concentration gradients vary with time, as illustrated in Figs. 7 and 8 , and depend on re gional flow differences and the applied amount of H2. Last but not least, the diffusion area in the brain is substantial if the extent of the boundary zone between gray and white matter is considered.
The possibility that intercompartmental diffusion is a significant factor in determining the inert gas tissue concentrations during washout is supported by other studies and our observations. Lassen (l965b) showed by recording krypton-85 over the cerebral cortex that the estimated weight of the "fast-flow compartment" is �40%, although 1 mm of the cortical tissue delivers �87% of the detected radioactivity. Thus, it seems more likely that these observed "flow compartments" are established as a result of diffusion of krypton into the subcortical white matter "sink" rather than being two flow rates with a ratio of four to one within this small area. Gillespie (1967) , using an electrical analogue of the cat brain and accepting the diffusion coeffi cient of krypton to be 1.5 x 10-5 cm 2 /s, demon strated a striking effect of intercompartmental dif fusion on krypton clearance curves. Halsey et ai. (1977) observed bizarre distortions of H2 clearance curves after intracarotid injection and ultra-short inhalation as a consequence of intercompartmental diffusion. As we could demonstrate (Fig. 4) , tissue tracer differences at the onset of the washout phase are greater the shorter the application period. If these concentration differences lead to diffusion from high-flow into low-flow vasocompartments, then the "fast-flow compartment" is faster for a shorter application time. This has been exactly ob served repeatedly by many investigators (lngvar and Lassen, 1962; Fieschi et aI. , 1965; Harper and , 1965; Lassen, 1965a; Jamieson and Halsey, 1973; Pasztor et aI., 1973; Meyer et aI., 1980) using krypton, xenon, or H2 as an indicator and was also confirmed by us in another series of experiments (von Kummer, 1984b) . Figures 7 and 8 demonstrate the directions of possible diffusion gradients between the cortex and the subcortical white matter after short and pro longed H2 application. During the first p . has� of de saturation after a short period of appilcatlOn, H2 would diffuse from higher-into lower-perfused re gions. Later, the direction of diffusion would re verse when the H2 concentration of gray matter had become lower than that of white matter. By this, H2 desaturation in gray matter initially will be aug mented, later diminished. The situation is similar even after equal tissue saturation has been achieved. The diffusion gradients will approach a maximum when H2 de saturation is nearly complete in gray matter and H2 concentration in white matter is still relatively high. Accepting intercompart mental diffusion as a significant factor, the none x ponential gray matter clearance curves c�n be ex plained. Diffusion in interdependence With clear ance will then cause an initial fast and later a slow "compartment" of gray matter clearance. In white matter, the amount of inert gas diffusing will increase over the first minutes of washout until desaturation in higher-perfused regions is com plete. This would lead to the convex semilog plot of white matter clearance that was observed simulta neously with that concave shape of gray matter de saturation. Thus, these observations suggest that the time course of desaturation in gray and white matter is better explained by an interdependence of clearance and intercompartmental diffusion rather than by a low spatial resolution of the H2 detector (Halsey et aI. , 1977; Young, 1980) . So far, we have seen two major problems for cal culating CBF from locally detected H2 clearance curves: first, the unknown time course of arterial concentration, and second the influence of inter compartmental diffusion. Because the amount of inert gas diffusing will be greater after a short appli cation period and in the case of extreme flow values, then the calculated CBF will become more erroneous. Because the error is flow dependent, the desaturation rate will provide no more than an index of LCBF.
Glass

Clearance detected by external detectors
From our study of intercompartmental H2 con centration differences, we conclude that similar tissue-tissue disequilibria exist using radioactive tracers like krypton-85 and xenon-133. This was re cently confirmed using computed tomography (Se gawa et aI. , 1983) and single-photon emission com puted tomography (Celsis et aI. , 1981) . After appli cation of a small amount of tracer, e. g. , by slug injection or short inhalation, washin and washout will simultaneously occur in the different tissues under detection. The recorded activity curve cannot then be analyzed as if it resulted from simul taneous clearance in two or more vasocompart ments, as suggested by Ingvar and Lassen (1962) and later by Obrist et al. (1967) . CONCLUSIONS Local or regional CBF measurements are neces sary when interregional flow differences are to be detected. Heterogeneity of CBF, however, leads to several fundamental problems when calculating CBF from clearance curves of diffusible inert gases:
(a) Owing to the distribution of CBF, the indi cator does not enter the region under detection par allel to the arterial impulse function, even after slug injection into the internal carotid artery.
(b) The time course of the arterial concentration within the brain tissues cannot be determined by measuring indicator concentration in extracranial arteries or inspired gas mixture.
(c) Washout in different vasocompartments is not simultaneous, which leads to tissue-tissue dis equilibria.
(d) Concentration differences may act as diffu sion gradients and will distort the clearance curves. Desaturation results from an interdependence of clearance and intercompartmental diffusion.
(e) Thus, compartment analysis of inert gas clearance curves is subject to severe artifacts. Cal culation of CBF from inert gas clearance curves will give only an index of CBF, which should be interpreted with caution particularly in the case of impaired LCBF.
